Structural color arises from the patterning of geometric features or refractive indices of the constituent materials on the length-scale of visible light. Many different organisms have developed structurally colored materials as a means of creating multifunctional structures or displaying colors for which pigments are unavailable. By studying such organisms, scientists have developed artificial structurally colored materials that take advantage of the hierarchical geometries, frequently employed for structural coloration in nature. These geometries can be combined with absorbers-a strategy also found in many natural organisms-to reduce the effects of fabrication imperfections. Furthermore, artificial structures can incorporate materials that are not available to nature-in the form of plasmonic nanoparticles or metal layers-leading to a host of novel color effects. Here, we explore recent research involving the combination of different geometries and materials to enhance the structural color effect or to create entirely new effects, which cannot be observed otherwise.
Introduction
Structurally colored materials (SCMs) are prized for the absence of photobleaching in their long-term performance and wide range of optical properties and special color effects, such as iridescence or environmentally-induced color change, not obtainable in bulk materials and in standard pigments [1] [2] [3] [4] . Color from dyes and pigments is generated by the excitation of electron/hole pairs via the absorption of photons with specific wavelengths. There is a finite probability of electron or hole capture, leading to the creation of chemically reactive free radicals, which can react with the dye to change its chemical structure. This irreversible chemical change in the dye's molecular structure results in the color fading over time as more and more of the dye molecules are photo-bleached. Therefore, improvement of dye longevity is an active area of research [5] [6] [7] . SCMs are naturally immune to the photobleaching-induced color fading because their coloration comes from light interference effects within the structure. With the recent focus on environmental concerns related to dyes and pigments, the ability to utilize inert materials for the creation of color is more important than ever [8] .
SCMs are broadly present in nature and through millions of years of evolution organisms have optimized their color-producing features by utilizing SCMs alone, pigments, or combinations of the two to achieve their desired appearance [9] . Using such organisms as inspiration, scientists have learned how to create and optimize SCMs for a variety of purposes [10] . The use of bio-inspired, rather than bio-mimetic [11] , approaches in this field have yielded materials, which capture the essence of the color-producing elements in natural organisms by distilling the structures down to their key components: (i) order/disorder, (ii) hierarchy, and (iii) absorption/ scattering. SCMs can largely be described using the terminology of photonic crystals-periodic structures in 1-, 2-, or 3-dimensions that modify the propagation of light [12] . The use of order and disorder in photonic crystals allows for control over the amount of angular variation or color travel, with more disordered materials having less angular dependence of their reflected color due to the lack of coherent crystal planes within the photonic crystal. Scientists have gained a fundamental understanding of the interrelationship of structural arrangements and the resulting coloration of a material and have used this understanding to fabricate structured materials with controlled order or disorder at the nanometer length scales [13] .
Hierarchy is a common theme in biological materials, whether as a necessity for multifunctional materials or a consequence of self-assembly [14] . For SCMs, this hierarchy is the simplest method by which to obtain multiple optical effects from the same structure. Using combinations of selfassembly and top-down fabrication methods, scientists have been able to create hierarchical nanostructures for a variety of applications [15] .
Absorption and scattering can also be used to influence the color produced by SCMs. Scattering within an imperfect SCM or reflections from surfaces outside of the SCM can lead to the desaturation of the structural color, leading to a whitish appearance. If saturated colors are desired, absorbers can be used to mitigate the color desaturation, which is caused by scattering, by absorbing some of the broadband scattered light. On the other hand, strong scattering can itself lead to enhanced color saturation. For example, when there is a surface external to the SCM that is affecting its color, a strong scattering layer can be used to reduce the coherence of the reflecting surface.
It is important to realize that nature has developed its panoply of SCMs using a very limited set of materials within extremely constrained systems. Organisms must, naturally, rely on biological components and bottom-up self-assembly to create any material; for SCMs in nature therefore, the most restricting constraint is the lack of high refractive index materials (some of the highest are guanine, n = 1.83 and chitin/ keratin n = 1.54) [16] , which limits the obtainable index contrast required for high-performance photonic structures. Tools and materials developed in the laboratory can be used to expand the diversity of SCMs leading to a variety of possibilities that cannot be observed in nature. By using plasmonic materials and high-index dielectrics, which are typically unavailable for biological organisms, the physical size of SCMs can be greatly reduced. In addition, the large imaginary portion of the complex refractive index of these materials causes the phase change upon reflection from their surface to be anomalous (different from the 0 or π phase change from non-absorbing materials). This anomalous phase-shift can lead to many types of SCMs, as well as allow for a great reduction in the thickness required for thin-film photonic structures.
This review discusses three techniques to create or enhance SCMs: (1) hierarchical structuration to take advantage of the optical properties of multiple structural elements, (2) absorption for color purification of SCMs or to cause asymmetric effects due to the anomalous phase change upon reflection from an absorbing layer, and (3) introduction of plasmonic moieties to reduce the physical size of SCMs in order to create materials that do not exist in nature. All of these techniques use engineered structures to combine relatively simple optical effects and achieve complex optical properties.
Hierarchy and disorder
Biology has developed a host of SCMs, including diffraction gratings, multilayers, and 3D photonic crystals [9, 16] . A particular strength of these biological SCMs is their use of hierarchy to generate optical effects that would not be possible using idealized models one might find in a standard optics textbook. For example, a common method to reduce the angle-dependence of structural color is to introduce disorder into a 3D photonic crystal such that the local order is strong enough to create a structural color, but the long-range order is weak [17, 18] . Thus, many different photonic crystal 'grains' of slightly different orientations are observed simultaneously and their individual angle-dependence is averaged leaving only the primary peak to be easily observed. Many scientists utilize this effect to generate structural color pigments that appear uniform for various incidence and observation angle combinations [17, [19] [20] [21] [22] [23] [24] . Since disorder is desired for this angle-independent effect, dynamic SCMs can be created by embedding colloidal particles in a flexible material such that the average difference between particles can be tuned by an external force [25] [26] [27] . A thorough discussion of the optical properties of disordered systems can be found in the review by Galisteo-Lopez et al [13] . In addition, hierarchical structuration can be used as a diffusive component, and therefore reduce the angular dependence of a structural color. For example, many species of butterfly, including those of the famous Morpho genus, reduce color iridescence due to combinations of diffraction gratings and multilayer structures [28] [29] [30] .
A recurring motif of hierarchical SCMs in nature is the combination of a diffraction grating with another optical element; a wide range of possibilities for such a combination is depicted in figure 1 . Often, the superposition of a diffraction grating with another optical element, such as 3D photonic crystal or a multilayer, as is the case for Morpho rhetenor, is used to give a wider angular distribution to the visibility of a structural color ( figure 1(a) ) [31] [32] [33] . However, several other interesting effects can be achieved by creating hierarchical structural color materials of different types. A thin film in conjunction with a diffraction grating can produce predictable structural colors, which can be used as a mechanism for 'printing' structural color ( figure 1(b) ) [34] . Another option is to combine one diffraction grating with an orthogonally oriented diffraction grating. This can lead to a reverse color-order diffraction pattern wherein the color shifts from red to blue as the observation angle is increased, instead of the typical blueto-red color order, an effect that can also be found in nature on the wings of the male butterfly Pierella luna ( figure 1(c) ) [35, 36] . In these examples, the combination of a diffracting grating with another optical structure is used to achieve novel optical properties.
Other types of geometries can be combined hierarchically to generate complex optical effects. Combining a multilayer with a retroreflector in different configurations can give rise to spatially modulated reflection colors as exemplified in the butterfly Papilio blumei [37] (figure 2(a)(i)-(iv)). By slightly modifying the organization of the structural elements-namely by placing the multilayer above the retroreflecting concavities rather than depositing it conformally on top of them-a different effect can be created wherein the reflected color of the multilayer and its transmission color can both be observed in reflection mode, albeit with orthogonal polarizations [37] (figure 2(a)(v)). Meanwhile, diffraction gratings are also frequently used to increase the light transfer efficiency into or out of light-generating or absorbing structures [38] [39] [40] [41] [42] [43] [44] [45] [46] as gratings promote out-coupling of light that would otherwise be trapped by total internal reflection modes. As seen in figure 2(b), the addition of gratings can therefore lead to brighter light emitting diodes (LEDs) [47, 48] . Moreover, a multilayer Bragg stack can be fabricated using a porous 3D photonic crystal as one of the alternating materials to allow for hygroscopic color change as is the case in Longhorn Beetles [49] .
In all the cases discussed above, hierarchy is used to enrich the optical properties of an SCM. These examples only rely on the combination of different morphologies of purely di electric materials to generate interesting and useful structures. An even greater variety of effects can be achieved by introducing optically active elements, such as absorbers, into SCMs.
Absorption
Typically, absorption is added to a SCM in order to reduce the desaturation of color that originates from nonspecific scattering (i.e. broadband scattering resulting from inhomogeneities in the material). Scattering is typically stronger for shorter wavelengths; for the Rayleigh limit of Mie scattering (scatter size λ), the scattering cross-section is proportional to λ −4 , however, it should be noted that the enhanced blue scattering in photonic glasses is due to an ensemble effect [22] . So, this desaturation effect is most noticeable when a structural blue color is being created, as is the case for the brilliant blue Steller's jay bird, which appears pure white (due to scattering) when the bird has no melanin in its plumage [50] . In real-world structures (whether biological or man-made), there are many causes of such nonspecific scattering, such as inevitable deviations from perfect periodicity and the presence of unintended surface roughness. An absorbing moiety (whether a dye or an absorbing plasmonic nanoparticle) dispersed homogeneously throughout the SCM can greatly reduce the desaturation effects of this nonspecific scattering. Even for broadband absorbers such as carbon black, the color purity of the material can be improved, as the intensity of the structural color peak relative to the background will be increased [23, [51] [52] [53] [54] [55] [56] . This approach is general and will improve the color saturation for color produced by multilayers or 3D photonic crystals, provided the doping level of the absorbing particles is correctly optimized (this optimization process will vary depending on the type of SCM being created and the type of absorber being used). For situations in which the desired color is known a priori, a specific absorber can be chosen such that its absorption spectrum does not overlap with the structural color peak; however, it can be challenging to find an absorber whose spectrum precisely corresponds to the desired color of the SCM [57] [58] [59] .
When the absorbing moieties are localized at defined areas within the SCM instead of distributed homogenously throughout it, more complicated optical effects can arise beyond the reduction of nonspecific scattering. Specifically, drastically different colors can be achieved by using different illumination and observation conditions. Asymmetric reflection (and absorption) can be observed by defining an absorbing layer on a transparent substrate that is coated with at least one layer of a dielectric thin film (one which would give rise to structural color even in the absence of an absorber). The effect can be observed with a range of absorbing layers, for example plasmonic nanoparticles [60] [61] [62] , structured plasmonic absorbers such as metal hole arrays [63] , or simply thin metal films [61] . A fully dielectric Bragg stack without absorbers will appear identical regardless of which side is being observed.
As shown in figure 3 , the addition of an absorbing layer leads to a different observed color when viewing from the top of the sample as compared to the bottom. This geometry allows for the structure to be partially transparent; therefore, the structure is not equivalent to a substrate coated on either side with a pigment (which would also display different colors depending on which side is being viewed) and a third color can be observed when viewing the sample in transmission mode. Due to conservation of energy, the difference in reflected color must also manifest itself in a difference in the absorption or scattering between the different sides of the structure since the transmission must be the same due to reciprocity. The article by Jalas et al [64] describes the consequences of this reciprocity with regards to the creation of optical isolators quite thoroughly; briefly, if the structures do not break Lorentz reciprocity, which states that the material must behave identically if we reverse the location of the light source and the detector, the transmission must be identical for both directions. These three different color effects are clearly visible in figure 3(a) . This effect has been used to create asymmetric absorption materials for potential applications in photovoltaics [63, 65] , facile glass structural coloration [66] , and plasmonic color routing [60] . Another interesting feature is that multilayer Bragg stacks can be used to further tune the reflected colors from either side of the SCM and allow for viewing-directiondependent camouflage of a photolithographically designed pattern ( figure 3(b)(i) ). Moreover, the introduction of a gradient-thickness layer into a Bragg stack designed with its peak in the center of the visible spectrum, can allow for a sample that appears nearly monochromatic from one side, while allowing for a smooth color gamut to be viewed from the other side [61] ( figure 3(b) ).
This type of coloration methodology can also be used on non-transparent substrates for a variety of color applications as shown in figure 4. Since these materials include a thin absorbing layer, the anomalous reflection from this layer, which has a phase shift that is different from 0 or π, leads to vastly different conditions for destructive and constructive interference. Thus, interference can be achieved using dielectric/absorber thicknesses much smaller than the wavelength [67] , as compared to typical thin film coatings, which have their first order constructive interference peak at half of the optical thickness of the film. Ultra-thin structural color coatings [68] [69] [70] [71] [72] such as the one highlighted in figure 4(a) , or ultra-thin absorbing coatings (structural black) [67, [73] [74] [75] can be used to color a material with a much thinner coating than would be possible with a standard Bragg stack. This method has even been applied to solar cells to color the solar cells by varying the thickness of a dielectric within the photovoltaic architecture ( figure 4(b) ) [76, 77] .
Until this point, we have shown that the addition of absorbing layers can be applied to increase the color saturation of a SCM and that by structuring the absorption within the SCM, ultra-thin colored materials and asymmetric reflection/absorption materials can be created. These examples of patterned absorption, rely on tight confinement of the absorber in one dimension only (although large-scale patterning of this confinement is also possible). With the addition of patterning the absorber in two and three dimensions on smaller length scales, we enter the realm of plasmonics and allow for the creation of a host of colored materials on a different length scale than those previously reported and utilizing a different design paradigm.
If metal films are used instead of absorbing particles, the absorption begins to affect the resonance of the SCM more directly due to the typically high index of refraction of metals as compared to the effective index of refraction of a dielectric film containing metal nanoparticles. In this way, color filters can be made much thinner than conventional dielectric Bragg stacks by using metal-insulator-metal structures [78] [79] [80] [81] [82] [83] . When there are a large number of metal layers separated by dielectrics, and the layers are sufficiently thin, such a material constitutes one type of a hyperbolic metamaterial (a material having hyperbolic or indefinite dispersion) [84] and can be used for applications in superlensing, negative index of refraction, and sensing [85] .
Plasmonics
In the previous section, the addition of plasmonic absorbers was discussed as a method for either providing wavelengthselective absorption to improve the color saturation of an SCM or a way to tailor the complex refractive index of an absorbing layer to achieve asymmetric reflection/absorption properties in a multilayer architecture. In addition to these applications, plasmonic absorbers can be designed or patterned to allow for polarization-or angle-dependent color effects enabled by the (ii) The cathode comprises a thick Ag layer and an organic layer, and a dielectric-metal structure is used for the anode. Between the two electrodes is an ultrathin amorphous silicon (a-Si) layer. (iii) A university logo, consisting of green and blue colors, is successfully realized with the generation of electric power. difference in efficiency with which light can couple into the absorbing plasmonic modes depending on its polarization and incidence angle.
Several studies have probed the use of plasmonic absorbers for polarization and angle-dependent colors. Plasmonic absorbers featuring asymmetric geometries can be used to tune the color for two orthogonal resonances nearly independently [86] ( figure 5(a) ). Angular asymmetry in the color produced by a grating can be achieved by coating the grating asymmetrically with a plasmonic metal [87] ( figure 5(b) ). Similarly, by introducing an analyzing polarizer into the setup, color filters, which produce several different colors depending on the polarization of the incident illumination and the relative angle of the analyzing polarizer, can be created [88] ( figure 5(c) ). In addition, metal nanowire arrays with different periodicities [89] [90] [91] [92] and pillar-based gratings (sometimes referred to as vertical nanowires) [93] [94] [95] [96] have also been used to create polarization-dependent color filters. Such polarization and angle-dependent structures can be used as filters or color routers in optical experiments or as security materials for anti-counterfeiting purposes.
As discussed previously, by incorporating hierarchical structures and absorbing materials, the photonic properties of SCMs can be improved, while the number of repeating units, and thus their physical size, can remain constant or even be reduced. The dimensions of these structures can be reduced even further by creating metasurfaces, the 2D analog of metamaterials [97] . These can be designed to produce a variety of optical effects with extremely thin photonic devices. Several review articles have already been written on this topic [98] [99] [100] . Here, we will focus on the use of metasurfaces to achieve color effects similar to those discussed above. Metasurfaces can be used to create the highest resolution color images in existence, which has potential in high density data storage, anti-counterfeiting, and color filtering for display technologies. Taking advantage of the high physical confinement allowed by plasmonic structures and the utility of modern fabrication methods, specific plasmonic absorbers can be fabricated with increased precision to allow for full color images to be achieved on unprecedented size scales. Nanoscale arrays of pillars, holes, or pillar/hole combinations coated with films of plasmonic metals can feature high quality factor resonances, generate different colors in pixels as small as 250 × 250 nanometers, and allow for 100 000 dpi printing as shown in figure 6(a) [101] . Many groups have developed and expanded this field by increasing the scalability of the technique [102] , or creating angle-independent structural color on a similar length scale [103] , or even creating the proto typical full-color electronic-ink displays [104] .
More recently, there has been a growing trend to move away from expensive noble metals [105, 106] as the plasmonic material and shift to using other materials, which have favorable plasmonic properties at visible wavelengths and give a more neutral white color for the back-reflected light. Using aluminum, for example, the color palette available for metalcoated photoresist post arrays has been expanded ( figure 6(b) ) [107] [108] [109] . Additional geometries of aluminum nano-disk or nano-hole metal-insulator-metal structures (figure 6(c)) [110, 111] allow for the use of different fabrication technologies (such as nanoimprint or focused ion beam lithography) to create the structures, with similar achievable colors and resolutions. These techniques often employ soft lithography to replicate an electron-beam lithographically generated master so that many samples can be created rapidly. Others rely on colloidal lithography [112] [113] [114] to generate resonators of the desired shape and periodicity, but this technique does not allow for high-resolution patterning of the resultant structures [115] [116] [117] [118] [119] . Directed self-assembly of pre-synthesized nanoparticles can be used to allow for high resolution and polarization-dependent color [120] , but this technique requires a different photolithographic step for every type of nanoparticle (and therefore basis color) being deposited. A more realistic method for generating a large number of photonic/plasmonic nanostructures is to use nanoimprint lithography as discussed in a recent review [121] . This type of structural color printing has been further pushed towards display applications by integrating the plasmonic pixels with a tunable liquid crystal to enable a method to actively change the color of a plasmonic image [122, 123] and by fabricating the structures on a stretchable substrate to allow for dynamic tuning of the spacing between the plasmonic elements [124] .
Plasmonic absorbers can be used to enrich SCMs in a variety of ways. By designing asymmetric plasmonic absorbers, polarization-and angle-dependent color filters can be realized. By increasing the dimensionality of this patterning further, metasurfaces with all kinds of optical properties can be fabricated. The field of plasmonic printing allows for the highest resolution color images possible to be created, although the complexity of the fabrication does not yet allow for large numbers or unique samples or dynamic display technologies.
Conclusions
In this review, we have discussed several different methods for creating novel SCMs: (1) hierarchical structuration and disorder can be used to generate optical effects that are unobtainable with simple geometries or to mitigate the iridescence of SCMs, (2) absorption can be used either to purify the spectrum of an SCM or to expand the SCM's behavior due to the plasmonic or optical phase-change properties of the defined absorbing layer, and (3) plasmonic materials can be used to create much smaller photonic architectures by taking advantage of the extremely high confinement and purity of the available photonic modes in the structures. The toolkit discussed in this review has been built up from combinations of classical SCMs and includes the addition of absorbers as well as patterned plasmonic materials. These tools have led to the discovery of new types of SCMs and have allowed for the improvement and extension of their optical performance. Decades or centuries after understanding the fundamentals of the individual optical elements, the field of structural coloration is still very active and the combination of simple and well understood optical elements continues to yield materials with surprising optical effects. The discovery of the intricate nature of light matter interactions at different length scales naturally precedes applications, but it is clear that such effects will be useful in diverse fields of technologies, including imaging, display technologies, photovoltaics, colorimetric sensing, high density optical storage, and security printing will be improved by their development.
